The intestinal epithelial cells constitute the first line of defense against gut microbes, which includes secretion of various antimicrobial substances. Reactive oxygen species (ROS) are well characterized as part of the innate phagocytic immunity; however, a role in controlling microorganisms in the gut lumen is less clear. Here, we show a role for nitric oxide synthase (iNOS)-and NOX1-produced ROS in maintaining homeostasis of the gut microbiota. In vivo imaging revealed distinctly high levels of ROS in the ileum of normal healthy mice, regulated in accordance with the amount of gut bacteria. The ROS level was dependent on the nitric oxide and superoxide producers iNOS and NOX1, respectively, suggesting peroxynitrite as the effector molecule. In the ileum of iNOS-and NOX1-deficient mice, the bacterial load is increased and the composition is more cecum like. Our data suggest a unique role of ileum in maintaining homeostasis of gut microbes through production of ROS with potential importance for preventing reflux from the large intestine, bacterial overgrowth, and translocation.
INTRODUCTION
The small intestine possesses a dual role: on the one hand, it is responsible for uptake of nutrients, which requires a large absorptive surface, whereas on the other hand it must prevent the gut lumen microbiota from entering this same surface. The gut lumen is separated from the host interior by only one cell layer, which is ideal for its absorptive role. However, this creates a challenge for its role as a barrier. As part of the barrier function, the epithelial cells interact with the microbes in the gut lumen. Several secretory molecules, such as mucins that make up the mucus layer, antimicrobial peptides, and secretory IgA participate in controlling the gut microbes. Reactive oxygen species (ROS) are universally accepted to be an essential component of the innate immune system through the respiratory burst in neutrophils, macrophages, and dendritic cells; however, an antimicrobial role of ROS in the gut is less determined. Here, we have explored a role of ROS production in maintaining bacterial homeostasis in the small intestine at the border with the large intestine.
The ROS producing enzymes, Dual oxidase (DUOX) and NADPH oxidase (NOX), are expressed in the intestinal epithelial cells in correlation with microbial content, indicating a role of these enzymes in ROS-based immune homeostasis of the gut. 1 In Drosophila, it is shown that DUOX produces ROS in the gut, which is directly bactericidal, and necessary to control gut bacteria and prevent infections. The DUOX in Drosophila contains two enzymatic domains: one oxidase domain that produces hydrogen peroxide and one peroxidase domain that converts the hydrogen peroxide to hypochlorous acid. 2 In C. elegans, DUOX-dependent ROS production in the gut was shown to improve survival during bacterial infections; however, no direct bactericidal effect was determined. 3 Hydrogen peroxide is suggested as the effector molecule, but this is a less bactericidal molecule than hypochlorous acid. In mammals, DUOX2 is reported to have an anti-bacterial role in cultured primary airway epithelial cells 4 and in defense against Helicobacter felis infection in gastric epithelium. 5 In these systems, it was suggested that DUOX2 produced hydrogen peroxide as a substrate for lactoperoxidase, with a subsequent formation of the bactericidal hypothiocyanous acid. In a DUOX2-deficient mouse, bacterial translocation was increased and expression of a ROS-inducible gene was downregulated in the mucosal-segmented filamentous bacteria. 6 NOX1 is highly expressed in epithelial cells, particularly, in colon and ileum. Most studies have focused on NOX1's role in redox modifications of signaling pathways involved in cell division and differentiation, particularly, with respect to wound healing in colon. 7 However, its role in controlling gut microbes is elusive. In one study of NOX1 knockout (KO) mice inoculated with Salmonella typhimurium, no effect on cecal concentration of the bacterium and changes in overall protection were observed. 8 In another study with Citrobacter rodentium infection, reduced cecal numbers and lower disease status were found in NOX1 KO mice. 9 They further provided evidence suggesting NOX1 to operate through regulation of DUOX2. The NOX enzymes generate superoxide, which does not kill microbes directly, but is precursor of other ROS with bactericidal activity such as hydrogen peroxide, hydroxyl radicals, hypochlorous acid, and peroxynitrite. Superoxide combines with nitric oxide (NO) to form peroxynitrite, which is regarded as one of the crucial bactericidal ROS in the respiratory burst of the innate immune system. NO is produced by inducible nitric oxide synthase (iNOS), which is expressed by epithelial cells of the small intestine in association with the amount of bacterial content. 1, 10 Furthermore, NO is found in the gut lumen. 11 This raises the question whether peroxynitrite produced in the intestine can affect the luminal gut bacteria and thus participate in maintaining homeostasis of gut microbes.
Here, we have found evidence for a high NOX1-and iNOSdependent ROS production in the ileum of normal healthy mice. We furthermore observed a strong impact of this ROS production on the microbial load and composition in the ileum. This suggests a unique role of ileum in maintaining homeostasis of gut microbes through production of peroxynitrite with potential importance for preventing reflux from the large intestine, bacterial overgrowth, and invasion.
RESULTS iNOS-and NOX1-dependent production of ileal ROS
To determine whether ROS are present in the small intestine, we used the optical imaging probe L-012, which has high specificity for ROS, particularly, peroxynitrite. 12 In vivo imaging of L-012-dependent luminescence showed a strong signal coming from the abdominal region of the mice ( Figure  1a) . Dissection and imaging of individual organs ex vivo showed that the signal originated from the distal small intestine, the ileum (Figure 1b ). This overlaps with the particularly high expression of iNOS in ileum in comparison to the rest of the intestine and the relatively high expression of NOX1 in ileum compared to more proximal parts ( Figure 1c ). As these enzymes catalyze the production of superoxide anion and NO, which rapidly react to form peroxynitrite we wanted to determine their involvement in the ROS production. We injected the NOS inhibitor L-NAME i.v. (50 mg kg -1 ) and imaged the L-012-mediated luminescence, which was reduced by 70% (Figure 1d) . To elucidate the involvement of superoxide, we added the superoxide scavenger TEMPOL in the drinking water (2.5 g l -1 ) (Figure 1e ). After 2 days, the L-012 signal was reduced by more than 60%. To assess the presence of peroxynitrite, we administrated the peroxynitrite scavenger MnTBAP chloride i.v (20 mg kg -1 ), and we here observed around 60% reduction in the L-012 signal (Figure 1f) . Furthermore, we explored the ROS production in KO mice of iNOS and NOX1. We first imaged the L-012 signal in KO mice cohoused with wild type (WT) mice and then 4 weeks after being separated and housed as single genotypes (Figure 1g) . The signal was reduced by around 60% in the iNOS KO mice and almost abolished in the NOX1 KO mice. We did not observe any significant difference between the mice during and after cohousing. Furthermore, as peroxynitrite is a strong oxidant, we gave the antioxidants vitamin C (10 g l -1 ) and tannic acid (5 g l -1 ) in the drinking water of WT mice. We measured the L-012 signal over 3 weeks (Figure 1h) . The signal went gradually down reaching 70% reduction for both antioxidants. To determine whether the epithelial cells could be responsible for the peroxynitrite production, we measured the NO content in these cells with the probe DAF-FM using flow cytometry (Figure 2a, b) . We observed in the cells staining positively for the epithelial cell marker CD326, a significantly larger fraction of cells with DAF-FM labeling in the distal small intestine compared with the proximal region. Furthermore, the distal cells showed higher mean fluorescent intensity indicating more NO production in the distal cells compared to the proximal. As innate immune cells in the lamina propria can mount a respiratory burst, we also determined the NO content in cells stained with CD11b, a marker for monocytes, dendritic cells, and macrophages. There was significantly higher signal from the epithelial cells in comparison to CD11b stained cells. Taken together, these observations support an iNOS-and NOX1-dependent ROS production in epithelial cells of ileum.
The amount of gut bacteria is associated with the ROS production To elucidate whether gut bacteria can induce ROS production in ileum, we manipulated the amount of bacteria. To decrease the bacterial load, we first used an antibiotics treatment proven to almost fully deplete the gut microbiota (1 g l -1 neomycin, 0.5 g l -1 vancomycin, 1 g l -1 metronidazole, and 1 g l -1 ampicillin, oral gavage daily for a week). 13 As this is a harsh treatment with potential unforeseen physiological effects and depletion of ileal microbiota is sufficient here, we also exposed the mice to a milder antibiotic treatment (0.5 g l -1 neomycin and 0.25 g l -1 vancomycin through the drinking water over 4 weeks) (Figure 3a, b) . In both cases, the L-012-mediated signal went down by B80%. As expected, the bacterial load went down in ileum (Figure 3c) . Consistent with these observations, the mRNA expression of both iNOS and NOX1 was decreased in the ileum (Figure 3d, e) . We also decreased the bacterial content in the intestine by 15 h fasting (Figure 3f ). This caused a reduction in the L-012 signal from the mice by 70%. To study the ROS production during an increase in the bacterial load, we imaged mice before, during and after weaning, as this is a period where massive increase of intestinal bacteria occurs. 14 Here, we observed a large increase in the L-012 signal the first week after separating the mice from their mother, which thereafter stabilized (Figure 3g ). In conclusion, these finding suggest that the intestinal ROS production is dependent on the presence of bacteria in the gut.
iNOS and NOX1 KO mice had higher bacterial load in the distal small intestine
As we observed that iNOS and NOX1 are necessary for the ROS production, we sought to determine whether the bacterial content in the gut of iNOS and NOX1 KO mice is increased compared to WT mice. To balance the environmental influence, the KO and WT mice were cohoused for 3 to 4 weeks directly after weaning. The mice were then allocated to separate cages based on genotype for 4 weeks before sampling. We estimated the amount of bacteria in the luminal chyme by colony-forming units (CFU) counting ( Figure 4a ) and in the mucus by RT-qPCR against the 16S rRNA gene (Figure 4b ). ). In both KO types, the amount of bacteria was higher in ileum and jejunum in comparison to the WT mice for the luminal samples. For the mucosal samples, we did observe higher bacterial load in the ileum of the two KOs, but it was only statistically significant for the NOX1. We also estimated the bacterial content in cecum samples by CFU counting ( Figure  4a ). Here, we found no significant difference between either of the KO with the WT mice. Interestingly, we observed that in the KOs the bacterial amount reached cecum-like numbers in ileum, consistent with potential bacterial overgrowth. In conclusion, the amount of bacteria in the distal small intestine is dependent on both iNOS and NOX1 suggesting involvement of a converging effect, possibly the formation of peroxynitrite.
The microbial composition in the small intestine is altered in a similar manner for the iNOS and NOX1 KO mice
To determine the impact of ROS production on potential alterations in the composition of the gut microbiota, we performed 16S rRNA gene sequencing of DNA extracted from mucosa and luminal chyme samples of the WTs and the iNOS and NOX1 KO mice. We observed that at phylum level, there is a similar shift in the microbial composition in jejunum and ileum for both KO mice ( Figure 5a ). Firmicutes increase and Bacteroidetes concurrently decrease. This can be seen for both mucosa and luminal chyme samples; however, it is more pronounced in the former. In cecum, the microbial composition appears to be unaltered between the KO and the WT mice. To investigate whether the gut microbiota is also altered at finer taxonomic levels, we performed a Principal component analysis (PCA) using the relative abundance of the taxa classified at family level (Figure 5b-e) . Families that were present in at least five mice with relative abundance higher than 0.5% were included in the analysis. The PCA distinguished the ileal samples of the WT and KO, whereas the two KO types co-clustered. The results were similar for the mucus and chyme samples; however, the chyme samples show some degree of overlap with the WT. All cecum samples showed co-clustering. In addition, we sought to determine whether there is an overlap between the specifically differentiated taxa for each of the two KO mice. We performed a LEfSE analysis on the ileal mucosal samples to identify the taxa that were associated with the iNOS and the NOX1 KO mice. Five taxa were identified for the iNOS KO mice: four increasing (Actinobacteria, Actinomycetales, Sporosarcina, Allobaculum) and one decreasing (S24_7). For the NOX1 KO mice, nine taxa were identified: eight increasing (Actinobacteria, Bacillaceae, Coriobacteriaceae, Dietzia, Turicibacter, Bifidobacterium, Sporosarcina, Allobaculum) and one decreasing (Lactobacillus). We next compared the relative abundance of the enriched identified taxa in each of the KOs to the WT ( Figure 6 ). Six out of the eight taxa associated with the NOX1 KO mice show a statistically significant increase in the iNOS KO mice, whereas three out of the four taxa associated with the iNOS KO mice increase in the NOX1 KO mice. However, the taxa that decreased in each of the KOs did not change significantly in the other KO type. Taken together, these findings suggest that iNOS-and NOX1-dependent production of ROS in the small intestine alters the gut microbial composition. The observed alterations appear to be similar for both KOs indicating a synergistic effect of NO and superoxide.
iNOS and NOX1 KO mice show a shift in ileal microbiota resembling more cecal composition
We observed a higher ratio of Firmicutes to Bacteroidetes for the two KOs (Figure 7a) . Interestingly, this moves the microbiota composition in a direction resembling more the one in cecum. Furthermore, the increased Firmicutes/ Bacteroidetes ratio is most pronounced in the ileum and becomes gradually less in more proximal parts of the small intestine. To elucidate whether this could be caused by migration of bacteria from cecum to ileum, we identified all genera that were significantly more abundant in cecum than in ileum of WT mice and determined if they were increased in the KO mice (Figure 7b) . We observed the abundance in ileum of most of these genera to be higher in both of the two KO mouse types compared to WT. In conclusion, these results may imply that ROS production in ileum has a role in prevention of cecal microbiota reflux.
Bacterial DNA is higher in the liver of the KO mice
To evaluate potential implications of the intestinal ROS production on bacterial translocation, we determined the content of bacterial DNA in liver by RT-qPCR against the 16S rRNA gene. We found an increase in bacterial DNA of 56% (n ¼ 6-10, P ¼ 0.02, Kruskal-Wallis test with Dunn's correction for multiple comparisons) for iNOS KO mice and of 112% (n ¼ 10-13, P ¼ 0.009) for NOX1 KO mice compared to WT mice, indicating a role for intestinal ROS production in defense against bacterial translocation.
DISCUSSION
In the present study, we have demonstrated that ROS, possibly peroxynitrite, are highly produced by iNOS and NOX1 in the ileum of normal healthy mice. Furthermore, the amount, composition and translocation of intestinal bacteria appear to be regulated by this ROS production.
To address temporal and spatial in vivo ROS production, we exploited the luminescent probe L-012 as an imaging marker for ROS. [15] [16] [17] [18] We observed a strong L-012-mediated signal in ileum that we believe is the result of epithelial cell secretion of superoxide and NO, with a resultant peroxynitrite formation. This is supported by the following: firstly, L-012 is recognized to act extracellularly, and with a high specificity and sensitivity to peroxynitrite.
12 NOX1 together with iNOS are responsible for the signal and the major substrate of superoxide, in terms of reaction kinetics, is NO, which together form peroxynitrite. 19 Both L-NAME, a NOS inhibitor, and using iNOS KO mice reduced the signal, whereas the superoxide quencher TEMPOL and particularly knocking out NOX1 nearly abolished the L-012-generated signal. Secondly, NOX1 and iNOS are coexpressed in the small intestine, with a particularly high expression in the ileum. In addition, the L-012 signal is not present in the colon where NOX1 has high expression, but where iNOS is not detectable. Finally, we demonstrated that NO production is more abundant in ileal epithelial cells compared to more proximal intestinal regions and immune cells of the lamina propria. Others have reported that iNOS expression in the healthy gut is confined to the ileal villi. 10 We regard these data as convincing evidence of NO and superoxide production by epithelial cells of ileum, which may join to form peroxynitrite in the gut lumen.
Although peroxynitrite is likely detected in our experiments, there are other candidates such as hydrogen peroxide and hypochlorous acid, which both have prominent roles in respiratory burst. 9 However, hydrogen peroxide is in itself a poor activator of L-012 and requires the presence of high concentrations of peroxidase, 20 which to our knowledge is not expressed at high levels in the ileum of normal healthy mice. Hypochlorous acid can activate L-012, but its production is dependent on myeloperoxidase. 21 Hydrogen peroxide can also be converted to hydroxyl radicals in the presence of Fe 2 þ through the Fenton reaction. Hydroxyl radicals can activate L-012, but the concentration of Fe 2 þ in the intestine is low. However, superoxide can through the Haber-Weiss reaction generate Fe 2 þ suggesting that a combination of NOX1 and DUOX2 could generate part of the intestinal ROS responsible for the L-012 signal. Indeed, when eliminating the iNOS activity not all the signal is abolished. In addition to ROS production related to immune defense, ROS are also produced by the electron transport chain inside the mitochondria and in connection with intracellular signaling, but this is a global phenomenon and comprise only low levels of ROS concentrations, and hence cannot be imaged in vivo.
The strength of the L-012-mediated signal is exceptionally high, which implies that the amount of ROS produced in the ileum is high. This is in accordance with previous studies where L-012 is used to image ROS during various conditions of acute inflammation. 15, 17 Interestingly, the signal strength generated by L-012 in models of arthritis and skin inflammation is lower than the signal we observe in a healthy ileum. However, it resembles the amount of signal in models of colonic inflammation. 17, 18 This raises the interesting question if a large amount of ROS production only is consistent with secretion in non-host tissue, such as the intestinal lumen. Certainly, constant exposure to an extensive oxidative environment can be detrimental to the host tissue. We found that in the ileum of iNOS and NOX1 KO mice the bacterial load was increased, suggesting an antimicrobial role for the epithelium-deriving ROS. This could be seen overall in ileum, both in the luminal content and in the mucosa. However, the approach used for the assessment of the bacteria in the luminal content was based on CFU counting, which only assesses the cultivable bacteria, and thus gives an underestimate of the total bacteria that are present. In addition, the microbial composition of both KO mice was altered. The changes in bacterial composition were similar between NOX1 and iNOS KO mice and to some extent more evident in mucus compared to lumen samples, supporting a cooperative effect of superoxide and nitric oxide originating from the epithelium, as discussed above possibly through the secretion of peroxynitrite. The strong reduction of L-012-mediated signal following administration of broad-spectrum antibiotics, concurred with a downregulation of iNOS and NOX1. This observation fits well with comparable data showing that germ-free mice have fourand sevenfold lower expression of NOX1 and iNOS, respectively, than conventional mice. 1 Furthermore, intestinal ROS production is lower in germ-free mice, as detected by a broad range ex vivo ROS probe. 22 L-012 signals were also influenced by other conditions that change the bacterial load such as after introduction of solid food in weaned mice and during a fasting Figure 6 Overlap in identified taxa between iNOS and NOX1 KO mice. Relative abundance of the taxa that either increased or decreased in each of the KO mice as identified by LEfSE. The two KO types show a similar increase for most of these taxa, n ¼ 10-14. Values are mean with s.e.m. For each taxon after logarithmic data transformation, one-way ANOVA with Sidak's correction for multiple comparisons. iNOS, nitric oxide synthase; LEfSE, linear discriminant analysis effect size. Figure 5 Gut microbial composition of the iNOS and NOX1 KO mice shows overlap. (a) Relative abundance of phyla in iNOS and NOX1 KO mice and their, respectively, cohoused WT mice. In the two KO mice, Firmicutes are increased in the mucus layer of both jejunum (Po0.0001 for both KO) and ileum (Po0.0001 for iNOS KO and P ¼ 0.01 for NOX1 KO), whereas Bacteroidetes decrease (jejunum Po0.0001 for both KO, ileum Po0.0001 for iNOS KO and P ¼ 0.006 for NOX1 KO). For the ileal chyme samples, Firmicutes are statistically increased only in NOX1 KO (P ¼ 0.004), whereas Bacteroidetes increase only in jejunum in iNOS KO (P ¼ 0.02) and in ileum in NOX1 KO (P ¼ 0.0002). No differences could be detected in the cecum samples, n ¼ 10-16. Values are mean with s.e.m. One-way ANOVA with Tukey's post hoc. (b, c) PCA plot of the taxa at family level of the ileum and cecum samples. After examining all possible principal components, we found that PC-1 and PC-3 could best explain the variation among the groups. All of the cecum samples were co-clustered regardless of mouse groups. (b) The ileal mucosa samples of the two KO mice cluster together and the two WT mice cluster together with minimal overlap between the KOs and the WTs, n ¼ 8-15. For the ileal chyme samples (c) a similar pattern is observed; however, more overlap can be seen between the iNOS and the WT, n ¼ 10-15. (d, e) Loading scores of cecum, ileal mucosa (d), and ileal chyme (e) samples presented in PCA plots in b and c. In accordance with the above findings, both KO mice for both of the ileal compartments differ from their respective WT on PC3, whereas the iNOS mucosal samples are also separated in PC1, n ¼ 8-15. Values are mean with s.e.m. One-way ANOVA with Sidak's corrections for multiple comparisons. iNOS, nitric oxide synthase; PCA, principal component analysis; ROS, reactive oxygen species; WT, wild type.
period. 14, 23 It has been known for some time that ROS affect the luminal bacteria directly. It is reported that during an infectious state DUOX-dependent ROS exert antimicrobial properties in the gut of Drosophila.
2 In addition, hydrogen peroxide through the activity of DUOX2 is reported to directly influence the virulence of Campylobacter jejuni in an organ culture. 24 In a DUOX2 KO mouse, a ROS-inducible gene was lowered in mucosal associated bacteria suggesting a role of hydrogen peroxide against microbes close to the epithelial surface. 6 ROS through the action of NOX1 has foremost been associated with intracellular signaling related to tissue-wound repair in the colon. 7, 25 Pircalabioru et al. 9 showed reduced DUOX2 expression in a NOX1 KO mouse during infection suggesting a regulatory role of NOX1 in relation to luminal bacteria. They further observed, in accordance with our results, that microbiota in cecum of the KO had the same distribution of the main phyla as in the WT mice. However, they found an increase in certain species of Lactobacilli. It is difficult to compare their data directly with ours as they did not assess the microbiota composition in ileum. Nevertheless, we found that Lactobacilli are reduced in the ileum of NOX1 KO mice. As Lactobacilli are known to harbor a strong defense against ROS, 26, 27 we believe that the reduction of ROS rather removes a competitive advantage that can explain the decrease in Lactobacilli. Our data contribute to the knowledge about NOX1 by showing a direct role in controlling the gut microbiota.
The microbiota content in ileum is much higher than in the rest of the small intestine. This is likely caused by microbial reflux from the large load of microbes in cecum and colon. This suggests a unique role for ileum in preventing bacterial overgrowth and maintaining homeostasis of microbes in the small intestine. This is reflected by the higher density of lymphoid tissue in ileum compared to the rest of the gut. We believe that secretion of ROS, potentially peroxynitrite, from the ileal epithelial cells is an integral part of a defense system controlling the small intestinal microbiota and thus important for the nutrient uptake and barrier role of the gut. These insights may have implications for understanding the pathogenic mechanisms that underlie conditions or diseases often found in the ileum such as SIBO, Crohn's disease, and ileitis. METHODS Animals. Animal procedures were approved by the Norwegian Animal Research Authority (Mattilsynet). All experiments apart from the experiments with KO mice were performed on NMRI mice of both genders up to 3 months of age from Janvier Labs. In experiments where both genders were used, we could not observe any gender-specific differences. Breeding stocks of C57BL/6J, and the following KO mice: iNOS À / À and NOX1 À / À , y/-on C57BL/6J background were purchased from The Jackson Laboratory. As the largest impact of environmental influence on gut microbiota composition occurs during weaning, we cohoused the KO mice for 3-4 weeks together with WT mice directly after separation from mother. 14, 28 All mice used for the analysis of the gut microbiota composition were supplied by the same provider (The Jackson Laboratory, Bar Harbor, ME). The diet was RM1 diet (SDS Diet, Essex, UK) and mice were housed in humidity, temperature and by 12 h night/day light cycle controlled environment in individually ventilated cages (Innovive, San Diego, CA).
Imaging. Imaging was done with IVIS Lumina II (Perkin Elmer, Walthamn, MA). The luminescent probe L-012 (Wako Chemical, Neuss, Germany) was dissolved in saline and injected intraperitoneally (i.p.) at 10 mg kg -1 . During in vivo imaging the mice were immobilized using isoflurane (2.5-3.5%). Ex vivo imaging on dissected organs was performed within 5 min of L-012 injection. Data acquisition were done with the Living Image software (Perkin Elmer). Light emission from the region of interest was quantified as photons s À 1 cm
Flow cytometry. Isolation of an epithelial cell fraction and a lamina propria cell fraction was done as previously described by Goodyear et al. 29 Briefly, after killing the mouse, the small intestine was dissected and divided into a proximal and a distal part to be analyzed separately. Peyers patches were removed, the intestine was opened longitudinally and cut into 5 mm long pieces and placed in ice-cold RPMI. The tissue successively went through a three-step process removing mucus, isolating epithelial cells, and isolating lamina propria cells. Mucus was removed by incubation in HBSS/5 mM DTT/2% FBS for 20 min at 37 1C with agitation. Epithelial cells were isolated by three incubation steps each in HBSS/5 mM EDTA/2% FBS for 15 min at 37 1C with agitation. Lamina propria cells were isolated by digestion in HBSS/ Figure 7 The gut microbial composition of the iNOS and NOX1 KO mice shifts in the direction of cecum. (a) Ratio of relative abundance of Firmicutes and Bacteroidetes in different mucosa gut segments. The ratio increases for both KO mice in jejunum and in ileum. No difference was observed for duodenum, n ¼ 11-16. Values are mean with s.e.m. Oneway ANOVA with Sidak's correction for multiple comparisons for jejunum and duodenum samples, Kruskal-Wallis test with Dunn's correction for multiple comparisons for ileum samples. (b) Shift in the relative abundance of the eight genera that were higher in cecum compared to the small intestine. The heat map shows the ratio of ileum to cecum. Columns represent the mean value of each group. In general, in both KOs the mice showed warmer colors compared to the WTs, indicating an ileal shift in these genera to a cecum-like profile, n ¼ 8-12. One-way ANOVA. iNOS, nitric oxide synthase; WT, wild type.
Liberase (Roche, Basel, Switzerland)/DNAse (Sigma Aldrich, St Louis, MO) for 30 min at 37 1C. The epithelial cell fraction and lamina propria cell fraction were further enriched for/or depleted-off epithelial cells using magnetic EpCam microbeads in accordance with the manufacturer's protocol (Miltenyi Biotech, Bergisch Gladbach, Germany). Cells were pre-blocked in 60% inactivated rat sera and 10 mg ml -1 of anti-CD16/32 (HB2.4) in PBS/2%FBS/2 mM EDTA for 10 min on ice. Cells where washed and stained in PBS/2%FBS/2 mM EDTA for 30 min on ice with 5 ml per test of the following antibodies: CD326 Pacific blue (Biolegend, San Diego, CA), CD11b PE-Cy7 (BD Bioscience, San Jose, CA), CD3-APC (BD Bioscience), and CD24-PE (Biolegend). NO was detected with the florescent probe 4-amino-5-methylamino-2 0 ,7 0 -difluorofluorescein (DAF-FM) in accordance with the manufacturer's protocol (Thermo Fisher Scientific, Waltham, MA). The labeled cells were acquired on a LSR II flow cytometer (BD Bioscience). Flow data were analyzed in Cytobank.
Sampling. Biological samples were collected under sterile conditions after killing the mice by neck dislocation. The small intestine was divided in three: duodenum (most proximal 5 cm), jejunum (6 cm around the center), and ileum (most distal 6 cm). Cecum samples were taken directly opposite to the ileocecal valve to collect samples close to the valve that additionally are easy to anatomically identify to avoid sampling error. Luminal chyme for DNA extraction or microbe cultivation was squeezed out. The intestinal fragments were cut longitudinally and mucosal samples for RNA or DNA extraction were scraped off with a glass slide.
Counting of cultivable microbes. Luminal chyme samples were weighed, suspended in 1:10 sterile PBS (Sigma Aldrich) and homogenized by brief vortexing. The suspensions were serially diluted in the range of 10 À 1 to 10 À 8 and 100 ml of each dilution factor were plated on 7% freshly prepared horse blood agar plates (Oxoid, Basingstoke, UK). The procedure was performed in duplicates and the plates were incubated at 37 1C under anaerobic conditions for 48 h before counting CFU.
DNA extraction. Luminal chyme and mucosal samples were placed in S.T.A.R buffer (Roche) complimented with acid-washed glass beads (size o106 mm, Sigma-Aldrich) directly after dissection. Cells were lysed by homogenization in a MagNaLyser (Roche) at 6500 rpm for 2 Â 20 s with a cooling step in-between. Samples were centrifuged at 14,000 g for 5 min. The supernatants were transferred to 96-well plates and DNA was extracted using the Mag Mini LGC kit (LGC Genomics, Teddington, UK) according to the manufacturer's protocol in a KingFisher Flex DNA extraction robot (Thermo Fisher Scientific).
Real-time quantitative. Mucosal samples were placed in RNAlater (Sigma-Aldrich) directly after dissection. mRNA was isolated with NucleoSpin RNA/Protein Purification kit (Macherey-Nagel, Düren, Germany) according to the manufacturer's protocol and cDNA was synthesized with the iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA). The primers used for mRNA expression were as follows: Gapdh, forward 16S rRNA gene sequencing. The analysis of the composition of the gut microbiota was performed on iNOS and NOX1 KO and their respective WT mice. The 16S rRNA gene sequence workflow analysis has previously been reported. 31 Briefly, after DNA extraction the 16S rRNA gene was PCR amplified for 25 cycles using prokaryotestargeting primers developed by Yu et al. 32 The PCR product was purified with AMPure XP (Beckman-Coulter, Brea, CA) and 10 further PCR cycles were performed. The resulting amplicons were sequenced on Illumina MiSeq V3 platform (Illumina, San Diego, CA). Resulting 300 bp paired-end reads were further paired-end joined, quality-filtered using QIIME 33 and clustered with 97% identity level using closed-reference usearch v7.0 algorithm 34, 35 against Greengenes database v13.8.
36
Statistical analyses. Statistical significance values were calculated in the GraphPad Prism software (La Jolla, CA). Averages are presented as mean and variances as standard error of the mean (s.e.m.). Statistical significance level was set as a ¼ 0.05. We chose 3,000 sequences per sample as a cut-off to normalize the sequencing data. Linear discriminant analysis effect size (LefSe) with LDA score 42 was used to identify taxa associated with the KO groups. 37 PCA were performed in Unscrambler 14.1 (Camo software, Oslo, Norway).
